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Abstract

Objectives: We aimed to compare COVID-19 outcomes in the Omicron-driven fourth wave
with prior waves in the Western Cape, the contribution of undiagnosed prior infection to
differences in outcomes in a context of high seroprevalence due to prior infection, and
whether protection against severe disease conferred by prior infection and/or vaccination was

maintained.

Methods: In this cohort study, we included public sector patients aged >20 years with a
laboratory confirmed COVID-19 diagnosis between 14 November-11 December 2021 (wave
four) and equivalent prior wave periods. We compared the risk between waves of the
following outcomes using Cox regression: death, severe hospitalization or death and any
hospitalization or death (all <14 days after diagnosis) adjusted for age, sex, comorbidities,

geography, vaccination and prior infection.

Results: We included 5,144 patients from wave four and 11,609 from prior waves. Risk of all
outcomes was lower in wave four compared to the Delta-driven wave three (adjusted Hazard
Ratio (aHR) [95% confidence interval (CI)] for death 0.27 [0.19; 0.38]. Risk reduction was
lower when adjusting for vaccination and prior diagnosed infection (aHR:0.41, 95% CI: 0.29;
0.59) and reduced further when accounting for unascertained prior infections (aHR: 0.72).
Vaccine protection was maintained in wave four (aHR for outcome of death: 0.24; 95% CI:

0.10; 0.58).

Conclusions: In the Omicron-driven wave, severe COVID-19 outcomes were reduced mostly
due to protection conferred by prior infection and/or vaccination, but intrinsically reduced
virulence may account for an approximately 25% reduced risk of severe hospitalization or

death compared to Delta.
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Background

Following the identification and early spread of the Omicron (B.1.529) SARS-CoV-2 variant
of concern (VOC) during November 2021, South Africa observed the steepest surge in
COVID-19 cases to date (1, 2). With more than 50 mutations across its genome, in vitro, ex
vivo and modeling studies have uncovered potential changes in the biology of Omicron
compared to previous VOCs, such as tropism, immune escape and improved transmissibility

(3-8).

South Africa had previously experienced three COVID-19 waves related to different SARS-
CoV-2 variants (ancestral strain, Beta and Delta respectively), each more clinically severe
than the previous one with substantial mortality (9, 10). These waves have resulted in high
seroprevalence of ~70% from prior infection, especially in poorer communities where social
distancing is challenging (11, 12). While such high seroprevalence came at the cost of
exceptionally high mortality during the first wave of COVID-19, these areas were relatively
protected from both infections and severe disease in subsequent waves (13). For example, in
the large urban township of Khayelitsha, the poorest subdistrict in Cape Town, anti-
nucleocapsid antibody seroprevalence resulting from prior infection was 45% by the end of
wave one (11), increasing to >70% by the end of wave three (Hsiao, NY., personal
communication). Unlike the relatively small and slow waves two and three, evidence of
immune escape from infection with Omicron is clearly illustrated by the steep rise in cases in
Khayelitsha in wave four, similar to that of wave one, in comparison to waves two and three

(Figure 1).

While there is emerging biological evidence of possible lower virulence of Omicron
compared to previous variants due to modified cell entry mechanisms and preferential

replication in bronchi rather than the lung parenchyma (6, 7, 14, 15), even a virus resulting in
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similar or lower clinical severity to earlier variants could overwhelm health services if
protection conferred by prior COVID-19 infection and/or SARS-CoV-2 vaccination against
severe disease is reduced. While there are now several reports from South Africa and other
countries of reduced risk of severe disease in the fourth wave and in patients infected with
Omicron compared to Delta (16-21) in the context of a high seroprevalence setting such as
South Africa, with moderate SARS-CoV-2 vaccination coverage (39% and 46% of adults
fully vaccinated in South Africa and the Western Cape respectively by end December 2021)
(22), it is important to establish whether protection against severe disease conferred by prior
infection and/or vaccination is maintained against Omicron. Furthermore, to what extent does
such protection account for milder clinical presentation of Omicron cases versus inherent
differences in virulence of Omicron itself compared to previous variants? Such comparisons
should not be limited to Delta, which was itself more severe than previous variants (23-26),
and should fully account for the increased proportion of reinfections in an immune escape
variant such as Omicron compared to other variants (18, 27). While Omicron’s immune
evasion allows for vaccine breakthroughs and reinfections, if protection against severe
disease conferred by prior infection and/or vaccination is maintained, population data should
reflect milder clinical illness due to a higher proportion of Omicron cases with
reinfections/breakthroughs compared to cases of variants without escape from immunity

against infection (18, 27).

We compared outcomes of laboratory-confirmed SARS-CoV-2 infections across four
successive waves in those aged >20 years using public sector services in the Western Cape
Province, South Africa, accounting for prior infection and vaccination. We also assessed
whether protection against severe disease conferred by prior diagnosed infections and/or

vaccination was maintained in those infected during the Omicron-driven fourth wave, and
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examined the extent to which undiagnosed prior infection may account for observed

reductions in clinical severity during the Omicron wave.

Methods:
Study design

We conducted a cohort study using de-identified data from the Western Cape Provincial
Health Data Centre (WCPHDC) of public sector patients aged >20 years with a laboratory
confirmed COVID-19 diagnosis (positive SARS-CoV-2 PCR or antigen test). For this
analysis, each wave was deemed to commence on the date when COVID-19 hospital
admissions in public sector patients showed a sustained >10% week-on-week increase. We
included cases diagnosed from seven days before the wave start (to account for the lag
between infection/first symptoms and hospitalization) and for the following four weeks, to
allow for at least 2 weeks of follow up in the most recently diagnosed patients in wave four.
We thus included data for the 4™ wave on cases from 14 November to 11 December 2021,
with follow-up through to 26 December 2021, which corresponds to the period when omicron
rapidly became the dominant variant in the province accounting for nearly 100% of
sequenced cases.(2) Database closure was ten days later to allow for death reporting delays.
For the first wave, since there were no prior admissions, we selected a period where case

incidence was the same as that at the start of wave 4.

The study was approved by the University of Cape Town and Stellenbosch University Health
Research Ethics Committees and Western Cape Government: Health. Individual informed

consent requirement was waived for this secondary analysis of de-identified data.
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Study population and data sources

The Western Cape has nearly 7 million inhabitants, of whom approximately 75% use public
sector health services (28). The WCPHDC has been described in detail (10, 29). Briefly,
WCPHDC consolidates administrative, laboratory, and pharmacy data from routine electronic
clinical information systems used in all public sector health facilities with linkage through a
unique identifier. Multiple data sources are triangulated to enumerate health conditions such
as diabetes mellitus (“diabetes”), hypertension, tuberculosis and HIV-1. Hospitalizations
(private and public) and reported deaths with a positive SARS-CoV-2 laboratory test are
recorded and reviewed daily. For patients with recorded South African national identity
numbers, data are linked to the South African vital registry to identify deaths not recorded in
the WCPHDC. SARS-CoV-2 vaccination commenced on 17 February 2021 for health
workers and 17 May 2021 for the general population in age cohorts, starting with those aged
>60 years and progressively expanding to younger ages. By 20 October 2021, vaccination
was available to all individuals aged >12 years. All SARS-CoV-2 vaccinations administered
in the country are recorded on the Electronic Vaccine Data System (EVDS). Vaccination data
(dates and types of all SARS-CoV-2 vaccines given at any facility in the province) were

obtained using the South African national identifier to link WPHDC data to EVDS data for a

specific individual.

Statistical analysis

We assessed three outcomes: (i) death, (ii) severe hospitalization or death and (iii) any
hospitalization or death. We only included outcomes within 14 days of COVID-19 diagnosis
to allow for comparable ascertainment across all wave periods. Hospitalization included
admission within 14 days before or after a COVID-19 diagnosis except for admissions to

long term psychiatric or rehabilitation facilities where the COVID-19 diagnosis was likely to
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be incidental. Severe hospitalization was defined as admission to intensive care or
mechanical ventilation or oral/intravenous steroid prescription. Deaths within 14 days of
COVID-19 diagnosis were included unless a clear non-COVID-19 cause of death was

recorded.

We used Cox regression adjusted for age, sex, geographic location, comorbidities, SARS-
CoV-2 vaccination and prior diagnosed infection to assess differences in COVID-19
outcomes between waves. Vaccination at the time of COVID-19 diagnosis was defined as
“fully” (>28 days post single dose vaccination with Janssen/Johnson & Johnson
[Ad26.COV2.S], or >14 days post second dose of Pfizer—-BioNTech [BNT162b2]), or
“partially” (>21 days after single dose Ad26.COV2.S vaccine or first BNT162b2 dose until
meeting criteria for fully vaccinated). Additional booster doses were not considered as these
were not widely available except to health care workers and the severely immune
compromised. Prior diagnosed infection was defined as >1 laboratory confirmed SARS-CoV-
2 diagnosis >90 days previously without an intervening positive test. We used the approach
described by Ferguson et al. (18) to assess the extent to which reductions in disease severity
during the Omicron period may be attenuated by more unascertained prior infections in those
with Omicron compared to patients infected with previous variants. As a base scenario we
assumed that immunity conferred by prior infection reduces risk of death, severe
hospitalization or death and hospitalization or death by 80%, 80% and 70% respectively, and
that only 15% of prior diagnosed infections were ascertained based on seroprevalence and
excess death data (12, 30). We then calculated a corrected hazard ratio for wave four vs.

wave three using the formula:

Observed HROmi{:mn:Deh‘a” '(1 ¥ ) (1 ',0) ‘.{gDeh‘a /] ,0) )
True HRomicron:Deita =

(1"‘.{11' ?J (1" p)‘.{QOmfcmn /p))
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where v is the relative risk of the outcome in those with vs. without prior infection, p is the
proportion of reinfections detected and 0 is the observed proportion of reinfections with Delta
and Omicron respectively (18). The proportional-hazard assumption (assessed with
Schoenfeld residuals) (31) was violated for the effect of wave on the outcome of any

hospitalization or death only, as the hazards converged over time. We therefore also show the

results of logistic regression for all of the outcomes which were very similar.

In addition, to assess whether protection conferred by prior infection and vaccination was
similar in the Omicron and Delta periods, we compared the association between these
variables and the three severe COVID-19 outcomes separately for just the wave three and
wave four periods. The wave three period was cases diagnosed between 1 September and 15
October 2021 as too few people had been vaccinated during early wave three (26 May to 23
June 2021) since vaccination only commenced for those 60 years and older on 17 May 2021.

All analyses were conducted using Stata 17.1.

Results

We included 5,144 patients diagnosed in wave four and 4,403, 3,902 and 3,304 patients from
waves three, two and one respectively (Table 1). There was a greater proportion of patients
aged 20-39 years in wave four (64%) compared to waves two (49%) and three (44%). The
prevalence of comorbidities was mostly similar across waves, except for HIV-1 which had
highest prevalence in wave one, decreased prevalence in waves two and three, but increased
prevalence in wave four (Table 1). The proportion with prior diagnosed infection was
substantially higher in wave four (11%) compared to waves three (3.2%) or two (1.9%). In
wave four, 38% and 5% of all COVID-19 cases were fully or partially vaccinated

respectively.

10
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Comparison of outcomes across waves.

Overall, 8.0% (409/5,144) of cases were hospitalized or died within 14 days of diagnosis in
wave four compared to 16.5% (1918/11,609) across the previous three waves (Table 1). After
adjusting for age, sex, comorbidities and subdistrict there was a substantially reduced hazard
of death in wave four compared to wave three (adjusted Hazard Ratio [aHR] 0.27; 95%
Confidence Interval: 0.19; 0.38) (Table 2). The extent of reduction was attenuated (0.41; 95%
CI 0.29; 0.59) when additionally considering prior diagnosed infections and vaccination.
Vaccination was strongly protective (aHR for fully vs. not vaccinated 0.20; 95% CI 0.09;
0.43). Wave four was also associated with lower risk of death than waves one and two, which
in turn were less severe than wave three (aHR [95% CI] for waves one and two vs wave three
were 0.55 [0.40; 0.74] and 0.60 [0.48; 0.74] respectively). The pattern of reduced severity in
wave four compared to previous waves was similar for the outcome of severe hospitalization
or death, but for the least specific outcome (i.e. any hospitalization or death) the risk
reduction in wave four vs. three was smaller. For all outcomes, the reduced risk of the
outcome attenuated with adjustment for prior diagnosed infection and vaccination. For
example, for the outcome of any hospitalization or death, the risk was lower for wave four vs
wave three (aHR 0.72; 95% CI: 0.63; 0.82) and wave two, but greater than wave one (aHR
[95%CI] for waves two and one vs wave three: 0.88 [0.80; 0.96] and 0.57 [0.50; 0.66]
respectively). Both prior diagnosed COVID-19 (aHR 0.28; 95% CI 0.19; 0.40) and SARS-
CoV-2 vaccination were protective (aHR 0.42; 95% CI 0.34; 0.52). Results were very similar

when using logistic regression (Supplementary Table 1).

After considering the possible effect of protection against severe outcomes conferred by
unascertained prior infection, the reduced risk of severe disease in wave four vs wave three
remained but was substantially attenuated with aHR of 0.72 for death and 0.75 for severe
hospitalization or death respectively, and the risk of any COVID-19 hospitalization or death

11
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was similar or higher in wave four and wave 3 (aHR: 1.14). Results were sensitive to the
extent of protection assumed to be provided from prior infection and the proportion of prior
infections assumed to be ascertained (Supplementary Table). For example, there was no
difference in risk of severe hospitalization or death in wave three vs. wave four if the

assumed proportion of prior infections detected was reduced from 15% to 12%.

Protection from vaccination and prior infection in waves three and four:

Amongst COVID-19 cases, protection by vaccination against all outcomes was similar in
wave four compared to the prior wave (Figure 2). For example, the aHR (95% CI) for
protection against death from full vaccination was 0.35 (0.22; 0.54) in late wave three and
0.24 (0.10; 0.58) in wave four. Similarly, protection conferred by prior diagnosed infection
against hospitalization or death was maintained with aHR (95%CI) of 0.32 (0.20; 0.52) in late
wave three and 0.13 (0.06; 0.27) during wave four. Protection conferred by prior infection
against other severe COVID-19 outcomes was difficult to assess due to very small numbers

of patients with prior diagnoses experiencing these outcomes.

Discussion

In this study of Western Cape public sector laboratory confirmed COVID-19 cases, we found
a substantial reduction in all severe COVID-19 outcomes in wave four compared to previous
waves with 28% (95% CI: 18%; 37%) reduced risk of any hospitalization or death and 59%
(95% CI: 41%; 71%) reduced risk of death only after adjusting for vaccination. While some
of this reduction is likely due to retained protection conferred by prior SARS-CoV-2

infection against severe disease in Omicron-infected patients, even when accounting for
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protection conferred by prior unascertained infections in patients with Omicron, we found

approximately 25% reduction in severe hospitalization or death in wave four vs wave three.

Our findings concur with current literature reporting less severe disease associated with
Omicron vs. other variants of concern and previous waves (16-20, 32). For example, cases
with presumed Omicron infection (identified with S-gene target failure on PCR) were less
likely to be admitted to hospital and experience severe outcomes compared to those with
delta infections (18, 19, 21) and fewer admissions with less severe outcomes among those
hospitalized have been reported in the fourth wave compared to previous waves in South
Africa (16, 17). To our knowledge, ours is the first study from a setting of high prior
seroprevalence to demonstrate less severe disease in wave four after adjusting for both
vaccination and prior diagnosed infection, and to assess the contribution to protection of a
greater proportion of unascertained re-infections among Omicron cases compared to other
variants. Reassuringly, protection against severe disease conferred by prior infection and
vaccination were similar in wave four and wave three. Nonetheless, the fact that even after
this protection was considered there was likely reduction of the most severe outcomes in
wave four indicates possible reduction in virulence of Omicron. This is supported by
laboratory data from several studies demonstrating possible mechanisms of reduced virulence

(6-8, 14).

The finding of increased prevalence of HIV-1 in wave four compared to the previous two
waves illustrates the importance of adjusting for prior unascertained infections. Poorer urban
communities tend to have higher HIV-1 prevalence and so the pattern of decreasing HIV-1
prevalence in the second and third waves, with increased prevalence among fourth wave
cases, is unlikely to be due to HIV-1 itself, but because HIV-1 infection is a proxy for living

in a community like Khayelitsha subdistrict, with high SARS-CoV-2 seroprevalence by the
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end of the first wave, which protected against infection in the two subsequent waves, but less

so in wave four.

For the less severe outcome of any hospitalization or death, while risk in wave four was less
than wave three, after adjusting for vaccination and prior diagnosed infections it was similar
to that of wave one. This is notable as wave three was driven by the Delta variant which has
been shown to cause more severe disease than ancestral strains (23-26). Hospitalization risk
may appear similar to or higher in wave four compared to earlier waves which were due to
less transmissible variants simply due to a higher prevalence of cases during the wave surge
together with more widespread testing of asymptomatic hospitalized patients than in previous
waves. Notwithstanding, the similarity in risk of admission suggests that in the absence of
immunity, Omicron could be as severe as the ancestral strain. Irrespective of virulence and
disease severity, the sheer number of admissions in patients during an Omicron wave
warrants specific planning around appropriate infection prevention and control measures

within hospitals while minimizing adverse impacts on health services for other conditions.

Strengths of our study include complete ascertainment of hospitalizations and deaths in all
laboratory confirmed COVID-19 cases across a public sector health service and ability to
robustly adjust for comorbidities as well as SARS-CoV-2 vaccination. Our analysis also has
several limitations. First, we compared outcomes across waves as a proxy for the variant that
dominated in each wave, and not in patients with genomically confirmed variants. Second,
while health service pressures which impact disease outcomes are likely to be more similar at
“equivalent wave periods”, identifying such “equivalent periods” across waves can be
challenging. However, results were similar when using slightly different wave periods. Third,
adjustment for comorbidities was limited to those algorithmically identified in the WCPHDC
and does not include undiagnosed comorbidities and other important risk factors for poor
COVID-19 outcomes such as obesity. Fourth, prior diagnosed infections substantially under-
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ascertain all prior infections, and while we addressed this by determining the likely impact of
undiagnosed infections in wave four, this is based on assumptions. Fifth, we could not
distinguish between admissions and deaths where the diagnosis of COVID-19 may have been
incidental or contributory rather than causal. However, our main analysis focused on
mortality and we found stronger protection of both wave four and vaccination against the
more severe outcomes (severe hospitalization and/or death), suggesting that results are robust
despite misclassification of admissions with incidental COVID-19. Nonetheless, a different
clinical profile of hospitalized and deceased patients with COVID-19 has been reported, with
less COVID-19 pneumonia and a greater proportion of patients with severe comorbidities
where COVID-19 may be contributory, but not causing typical respiratory presentation (17).
We may therefore be underestimating the reduction in risk of hospitalization and death due to
COVID-19 pneumonia specifically in the Omicron wave. Sixth, we excluded children as the
effects of Omicron on disease severity may differ in children compared to adults, the role of
COVID-19 as a cause of pathology in a child admitted with respiratory illness with several
different viruses present is unclear, and because we could not assess differences in the more
severe outcomes between waves in children as these were so uncommon. Finally, outcomes
were limited to 14 days post diagnosis to allow for equivalent follow-up in the most recent
vs. previous waves and so we could not compare outcomes beyond 14 days. However, in

previous waves only 2.9% of hospitalizations occurred beyond this period and only 2.6% of

deaths had not been hospitalized or deceased within 2 weeks of diagnosis.

In conclusion, we found substantially reduced disease severity amongst diagnosed COVID-
19 cases in the Omicron-driven fourth wave compared to previous waves. While this could
mostly be due to retained protection against severe outcomes conferred by prior infection and
vaccination, our data suggests that severe outcomes could be reduced by approximately 25%

due to intrinsically reduced virulence of Omicron.
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Figure 1: Daily new cases (7 day moving average) by days since start of each wave in
Khayelitsha sub-district, Cape Town, South Africa.
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Table 1: Characteristics and outcomes of COVID-19 cases included from each of the four waves in the Western
Cape Province, South Africa.

Wave 1 Wave 2 Wave 3 Wave 4
26 Apr to 23 May 25 Oct to 21 Nov 26 May to 23 Jun 14 Nov to 11 Dec
20205 20205 20215 20215
(n=10,009) (n=3,722) (n=4,355) (n=5,104)

Male sex 3,208 (30%) 1,416 (36%) 1,853 (38%) 1,886 (35%)
Age

20-39 years 5,864 (59%) 1,801 (48%) 1,899 (44%) 3,285 (64%)

40-49 years 1,992 (20%) 734 (20%) 834 (19%) 849 (17%)

50-59 years 1,283 (12%) 603 (16%) 783 (18%) 569 (11%)

60-69 years 525 (5%) 352 (9%) 471 (11%) 263 (5%)

270 years 345 (3.5%) 232 (6%) 368 (8%) 138 (2.7%)
Non-communicable diseases

diabetes 1416 (13%) 629 (16%) 760 (16%) 407 (7%)

hypertension 2363 (22%) 905 (23%) 1145 (24%) 836 (15%)

chronic kidney disease 343 (3.2%) 142 (3.6%) 204 (4.2%) 85 (1.6%)

chronic pulmonary disease 646 (6%) 272 (7%) 380 (8%) 418 (8%)

/asthma
Tuberculosis

previous tuberculosis 831 (8%) 283 (7%) 283 (6%) 381 (7%)

current tuberculosis 113 (1.1%) 66 (1.7%) 44 (0.9%) 68 (1.3%)
HIV positive 1,918 (18%) 530 (13%) 288 (6%) 706 (13%)
Prior diagnosed infection 0 (0%) 67 (1.8%) 136 (3.1%) 572 (11%)
Vaccination

partial” N/A N/A 25 (0.6%) 268 (5%)

fully” N/A N/A 123 (2.8%) 1,925 (38%)
Outcomes within 14 days of diagnosis

admission o o o o

(not severe; not deceased) 846 (8.5%) 366 (9.8%) 382 (9%) 222 (4.4%)

severe admission (not deceased)* not applicable 122 (3.3%) 183 (4.2%) 42 (0.8%)

death 291 (2.9%) 131 (3.5%) 250 (6%) 20 (0.4%)

$Date of diagnoses for cases included in each wave. We included cases diagnosed from 7 days prior to the wave start (deemed to occur when the week on
week % change in new admissions exceeded 10%) and for the following 4 weeks, to allow for at least 2 weeks of follow up in the most recently diagnosed
patients in wave 4. *Fully vaccinated: 228 days post-vaccination with Janssen/Johnson & Johnson (Ad26.COV2.S) or 214 days post second dose of Pfizer—
BioNTech (BNT162b2); Partially vaccinated: 221 days after (first) vaccine dose until meeting criteria for fully vaccinated); #Admission to an intensive care
unit, mechanical ventilation or prescription of oral or intravenous steroids; not reported for wave 1 as steroids not widely used until after 16 June 2020.

18


https://doi.org/10.1101/2022.01.12.22269148
http://creativecommons.org/licenses/by-nc-nd/4.0/

Table 2: Associations between different waves and severe COVID-19 outcomes adjusted for patient characteristics, sub-district, vaccination, prior diagnosed infection and
unascertained prior infections using Cox regression.

Outcome = death Outcome = severe Outcome = severe Outcome = Outcome =
R Outcome = death hospitalization®/death hospitalization”/death hospitalization/death DA
not adjusted for . L X X L. R hospitalization/death
vaccination and prior adjusted for _vaccu}atlon no1': adj_usted fo'r adjusted for vaccination nt?t ac!justed for_ adjusted for vaccination
infection and prior infection v?ccmatlor? or pl:lOI' o or . . vaccm.atlon ?nd prior and prior infection
diagnosed infection prior diagnosed infection infection
Ad":lséed'\ 95% Cl Ad’::ed 95% Cl Ad’ﬁ:ed'\ 95% Cl Ad‘:skted 95% Cl Ad’ﬁ:ed'\ 95% Cl Ad‘:skted 95% Cl

Male sex (vs. female) 1.44 1.20; 1.73 1.45 1.21;1.74 1.37 1.19; 1.56 1.37 1.19; 1.57 1.15 1.06; 1.24 1.14 1.06; 1.23
Age (vs. 20-29 years)

40-49 years 3.07 1.96; 4.80 3.18 2.03; 4.98 2.32 1.74;3.10 2.42 1.82;3.24 1.14 1.00; 1.29 1.17 1.03; 1.33

50-59 years 7.35 4.88;11.06 7.64 5.07;11.52 4,74 3.66; 6.12 4.96 3.82;6.42 1.90 1.68; 2.15 1.96 1.73;2.21

60-69 years 17.17 11.31; 26.05 18.11 11.92; 27.52 8.51 6.52;11.11 8.85 6.77;11.58 2.94 2.57;3.36 3.01 2.63;3.45

270 years 30.94 20.10; 47.62 34.22 22.22;52.68 13.56 10.30; 17.85 14.39 10.91; 18.98 4.25 3.70; 4.89 4.40 3.83;5.06
Comorbidities (vs. comorbidity absent)

diabetes 1.97 1.60; 2.41 1.95 1.58;2.39 1.76 1.51; 2.05 1.77 1.51; 2.06 2.22 2.02;2.44 2.26 2.06; 2.48

hypertension 1.06 0.87;1.30 1.05 0.86; 1.28 1.01 0.87;1.18 1.00 0.86; 1.17 1.11 1.01;1.21 1.10 1.0; 1.20

chronic kidney disease 2.04 1.60; 2.60 2.07 1.63; 2.63 1.73 1.43; 2.09 1.73 1.43; 2.09 1.71 1.52;1.92 1.70 1.52;1.91

chronic pulmonary disease / asthma 1.24 0.97;1.59 1.24 0.97; 1.59 1.44 1.20;1.73 1.46 1.21;1.75 1.24 1.11; 1.39 1.27 1.13;1.42

previous tuberculosis 1.70 1.24;2.33 1.68 1.22;2.29 1.39 1.09; 1.78 1.38 1.08; 1.76 1.17 1.02; 1.34 1.16 1.01;1.33

current tuberculosis 2.24 1.19; 4.21 2.09 1.11;3.91 3.13 2.10; 4.67 2.99 2.01;4.47 3.25 2.63;4.03 3.24 2.63;3.99

HIV 1.88 1.36; 2.58 1.92 1.40; 2.64 1.49 1.16; 1.92 1.53 1.19; 1.96 1.58 1.40; 1.78 1.61 1.43;1.81
Prior diagnosed infection (vs. None)

Yes (vs none) 1.10 0.63;1.92 0.60 0.37;0.98 0.28 0.19; 0.40
Vaccination (vs. None)

partial” 1.19 0.66; 2.15 1.26 0.81;1.95 0.89 0.66; 1.20

full* 0.20 0.09; 0.43 0.23 0.13;0.39 0.42 0.34;0.52
"Wave period"

early wave 1 0.59 0.43;0.81 0.55 0.40; 0.77 0.60 0.53; 0.69 0.57 0.50; 0.66

early wave 2 0.64 0.52;0.80 0.60 0.48;0.74 0.74 0.64; 0.85 0.71 0.61; 0.83 0.91 0.83;0.99 0.88 0.80; 0.96

early wave 3 Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref

early wave 4 0.27 0.19; 0.38 0.41 0.29; 0.59 0.28 0.22;0.36 0.43 0.33;0.55 0.51 0.46; 0.58 0.72 0.63; 0.82

early wave 4 accounting for 072 075 114

undiagnosed prior infections®

*Fully vaccinated: >28 days post-vaccination with Janssen/Johnson & Johnson (Ad26.COV2.S) or 214 days post second dose of Pfizer—BioNTech (BNT162b2); Partially vaccinated: >21 days after (first) vaccine dose until meeting criteria for
fully vaccinated); YAdmission to an intensive care unit, mechanical ventilation or prescription of oral or intravenous steroids; not reported for wave 1 as steroids not widely used until after 16 June 2020. "Adjusted for all variables shown in
the table as well as subdistrict/district, but not for vaccination or prior diagnosed infection; $We calculated the "true hazard ratio" for severity of wave 4 vs wave 3 using the approach described by Ferguson et al. (18), assuming prior
infection reduces risk of death, severe admission or death and admission or death by 80%, 80% and 70% respectively, and that 15% of prior diagnosed infections were ascertained . aHR = adjusted Hazard Ratio; Cl = Confidence Interval
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Figure 2: Adjusted hazard ratio for associations between a) vaccination and b) prior diagnosed infection and different severe COVID-19 outcomes adjusted for patient

characteristics, subdistrict, vaccination, and prior diagnosed infection using Cox regression.
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Supplementary Table 1: Associations between different waves and severe COVID-19 outcomes adjusted for patient characteristics, sub-district, vaccination and prior
diagnosed infection using logistic regression.

Outcome = death
not adjusted for
vaccination and prior

Outcome = death
adjusted for vaccination

Outcome = severe
hospitalization?/death
not adjusted for

Outcome = severe
hospitalization?/death
adjusted for vaccination

Outcome =
hospitalization/death
not adjusted for

Outcome =
hospitalization/death
adjusted for vaccination

X X and prior infection vaccination or prior or vaccination and prior L. X
infection diagnosed infection prior diagnosed infection infection and prior infection
Ad‘:‘)s;ed 95% Cl Ad’;;ted 95% Cl Ad’gsl;‘ed 95% Cl Ad’;;ted 95% Cl Ad’gsl;‘ed 95% Cl Ad’;;ted 95% Cl

Male sex (vs. female) 1.53 1.26;1.88 1.56 1.27;1.90 1.47 1.25;1.73 1.47 1.24;1.73 1.21 1.10; 1.34 1.20 1.08; 1.33
Age (vs. 20-39 years)

40-49 years 2.99 1.91;4.71 3.09 1.96; 4.86 2.30 1.71;3.10 2.40 1.78;3.24 1.08 0.93;1.25 1.12 0.96; 1.29

50-59 years 7.18 4.73;10.89 7.44 4.89;11.31 4.84 3.69; 6.35 5.07 3.85; 6.67 1.92 1.66; 2.22 1.99 1.72;2.31

60-69 years 17.43 11.36; 26.76 18.42 11.98; 28.31 9.35 6.99; 12.49 9.76 7.28;13.08 3.38 2.85;4.01 3.52 2.96; 4.19

270 years 35.14 22.57;54.72 39.44 25.29; 61.50 17.43 12.86; 23.63 18.79 13.80; 25.59 6.53 5.39;7.91 6.90 5.67; 8.40
Comorbidities (vs. comorbidity absent)

diabetes 2.13 1.71; 2.67 2.12 1.69; 2.66 2.02 1.68;2.43 2.03 1.68; 2.45 3.06 2.70; 3.47 3.16 2.79; 3.59

hypertension 1.07 0.86; 1.34 1.06 0.85; 1.32 1.00 0.83;1.21 0.99 0.82;1.19 1.12 0.99; 1.26 1.11 0.98; 1.25

chronic kidney disease 2.33 1.75; 3.09 2.38 1.79; 3.16 2.20 1.69; 2.87 2.19 1.68; 2.85 3.04 2.42;3.82 3.01 2.39;3.80

chronic pulmonary disease / asthma 1.32 0.99; 1.76 1.33 1.0;1.78 1.64 1.29;2.08 1.67 1.31;2.12 1.41 1.19;1.67 1.46 1.23;1.73

previous tuberculosis 1.73 1.23;2.43 1.70 1.21;2.40 1.45 1.09; 1.94 1.44 1.08; 1.92 1.23 1.03;1.46 1.20 1.01;1.44

current tuberculosis 2.48 1.21;5.10 2.30 1.12;4.74 4.06 2.42;6.82 3.82 2.28;6.39 5.02 3.65; 6.89 4.92 3.58; 6.75

HIV 1.98 1.41;2.80 2.04 1.45;2.87 1.60 1.21;2.13 1.64 1.24;2.17 1.74 1.50; 2.01 1.77 1.53; 2.05
Prior diagnosed infection vs. none

Yes (vs none) 1.14 0.61;2.11 0.59 0.34;1.03 0.22 0.14; 0.34
Vaccination vs. none

partial” 1.25 0.60; 2.61 1.43 0.79; 2.59 0.87 0.57;1.32

full* 0.19 0.08; 0.42 0.21 0.12; 0.37 0.36 0.28; 0.46
"Wave period"

early wave 1 0.56 0.39;0.79 0.52 0.37;0.74 Not reported Not reported* 0.50 0.43;0.59 0.48 0.40; 0.56

early wave 2 0.61 0.48;0.77 0.56 0.44;0.71 0.69 0.57;0.82 0.66 0.55; 0.79 0.86 0.76; 0.98 0.84 0.74; 0.95

early wave 3

early wave 4 0.25 0.17; 0.36 0.38 0.26; 0.55 0.24 0.19; 0.31 0.37 0.28; 0.50 0.43 0.37; 0.50 0.65 0.55; 0.76

*Fully vaccinated: >28 days post-vaccination with Janssen/Johnson & Johnson (Ad26.COV2.S) or 214 days post second dose of Pfizer—BioNTech (BNT162b2); Partially vaccinated: >21 days after (first) vaccine dose until meeting criteria for
fully vaccinated); YAdmission to an intensive care unit, mechanical ventilation or prescription of oral or intravenous steroids; not reported for wave 1 as steroids not widely used until after 16 June 2020. "Adjusted for all variables shown in

the table as well as subdistrict/district, but not for vaccination or prior diagnosed infection; aOR = adjusted Odds Ratio; Cl = Confidence Interval
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Supplementary Table 2: Range of possible values for the true hazard ratio for the association between wave four (vs. wave three) and each COVID-19 outcome for
different assumptions of the protection that prior infection provides against the outcome and the proportion of reinfections detected among cases diagnosed during the
fourth wave.

Outcome = death; Outcome = severe admission/death; Outcome = admission or death;
Observed aHR: 0.41 (95%Cl: 0.29; 0.59) Observed aHR: 0.43 (95%Cl: 0.33; 0.55) Observed aOR: 0.72 (95%CI:0.63; 0.82)
Relative risk of outcome in those with vs. 010 015 020 025 0.0 010 0.15 020 025 0.30 020 025 030 035 0.40
without prior infection

Proportion of reinfections detected 0.12 1.27 1.11 0.99 0.89 0.82 1.33 1.16 1.04 0.94 0.86 1.74 1.57 1.43 1.32 1.23
Proportion of reinfections detected 0.15 0.81 0.76 0.72 0.68 0.65 0.85 0.80 0.75 0.71 0.68 1.26 1.20 1.14 1.09 1.04
Proportion of reinfections detected 0.20 0.61 0.59 0.58 0.56 0.55 0.64 0.62 0.60 0.59 0.57 1.01 0.98 0.96 0.93 0.91
Proportion of reinfections detected 0.25 0.54 0.53 0.52 0.51 0.50 0.57 0.55 0.54 0.54 0.53 0.91 0.90 0.88 0.87 0.85
Observed reinfections during wave4 011 011 011 011 011 0.1 011 o011 011 011 011 011 o011 011 011 011

(proxy for omicron)
aHR = adjusted Hazard Ratio; Cl = confidence interval
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